Introduction
Metacaspases, together with paracaspases, were originally identified as distant relatives of canonical caspases based on sequence homology and predicted secondary structure [1] . While paracaspases can be found alongside caspases in metazoan organisms modulating NF-jB pathway [2] , metacaspases are only present in plants, fungi, and protozoa. Metacaspases can be divided into different types according to their domain composition. The type I metacaspases could have (or not) amino terminal protein-protein interaction domains such as proline rich regions or a zinc finger motif and invariantly have a metacaspase Cterminal domain. Type II metacaspases do not possess this kind of prodomains but contain a long linker between the p20 and p10 homologous regions and are only found in plants [3] .
Despite their initial classification into clan CD family C14, the biochemical characterization of metacaspases showed a number of singularities. Some of these differences are now apparent when analyzing the three dimensional structure of metacaspases from Trypanosoma brucei (TbMCA2) and Saccharomyces cerevisiae (Yca1p) [4, 5] . These enzymes exhibit an overall fold similar to caspases but with two extra beta strands preventing their dimerization. In addition, a large acidic pocket explains the contrasting substrate specificity for basic amino acid residues. In TbMCA2, an unusual N-terminus sterically occludes the active site and calcium binding, mediated by four conserved aspartic acid residues, might lead to a conformational change that switches the catalytic dyad to a competent state [4] .
Regardless of their significantly different biochemical properties, metacaspases have been shown to mediate cell death during stress responses and development in plants [6] [7] [8] [9] . In unicellular organisms, nondeath roles were proposed for metacaspases. In yeast, Yca1p deletion or inactivation results in a prolonged G1/S transition and a defective G2/M checkpoint, suggesting that this protein might regulate cell cycle dynamics [10] . In kinetoplastids, the phenotypes observed in RNAi studies in T. brucei [11] or overexpression experiments in the case of L. major [12] and T. cruzi [13] also suggest that metacaspases might control cell cycle progression.
Beneficial rather than deleterious effects were recognized lately to metacaspases when protein homeostasis was impaired. Yca1p assists to degrade misfolded proteins that accumulate during aging or that are generated by acute stress. In this case, both scaffolding functions of the protein as well as intrinsic peptidase activity, were demonstrated to be important for lifespan control [14] . However, the cleavage events supporting these proposed roles are largely unknown.
So far, a limited number of substrates has been discovered. For Picea abies metacaspase, one common target with caspase-3 was described, and this finding was used to argument for the existence of an evolutionary conserved programmed cell death pathway in plants [15] . In addition, the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase [16] and the poly(ADP-ribose) polymerase were reported as fungi metacaspase substrates [17] . Although the cleavage of both enzymes was related to programmed cell death, the relevance and consequences of these proteolytic events remain unclear. More recently, proteome-wide substrate searches were performed by means of comparative proteomic methodologies for metacaspase-9 of Arabidopsis thaliana and metacaspase of Candida albicans. The potential substrates identified in these studies suggest roles of the plant metacaspase in processes other than those related to cell death [18] and involve the yeast protease in protein folding, protein aggregate resolubilization, glycolysis, mitochondrial functions, [19] and protein glycosylation [20] .
In this work, we have identified the DNA-damage inducible protein 1 (Ddi1) as a natural metacaspase substrate. Ddi1 belongs to a group of shuttle proteins that deliver polyubiquitinated cargoes for degradation due to their ability to interact with the proteasome through their ubiquitin-like (UbL) domain and at the same time with ubiquitinated substrates through their ubiquitin associated domain(s) (UBA) [21] . Here, we show that metacaspase-mediated cleavage of Ddi1 is conserved among very divergent unicellular eukaryotes and that, although the recognized cleavage sequence is not identical among the different model organisms tested, in all of them the proteolysis consequence is the removal of the UBA domain. We demonstrate that Ddi1 cleavage is tightly regulated in vivo as it only takes place in yeast when calcium increases but under specific metabolic conditions. Finally, we show that Ddi1 cleavage reduces the stability of the protein potentially affecting many diverse and important cellular processes.
Results

Identification of an in vitro protein substrate among metacaspase interactors
To gain insights on how the different metacaspase isoforms present in T. cruzi (TcMCA3 and TcMCA5) participate in the biology of the parasite, we sought to establish their specific set of interacting proteins. Immunoaffinity purification of 3xFLAG-tagged metacaspases expressed in transgenic epimastigote cell lines [13] followed by Liquid Chromatography-Mass Spectrometry (LC-MS/MS) analysis, led to the identification of a number of putative partners (Table S1 ). To study these interactions in vitro, a bacterial co-expression system was devised. Putative interactors were expressed in E. coli as C-terminally GST fusion proteins along with active or inactive 3xFLAG-tagged metacaspase variants (Fig. 1) . Thus, the interactions could be evaluated through glutathione affinity purification followed by western blot analysis of GST and 3xFLAG tags.
For one of the assayed candidates, the DNA damage inducible protein 1 (TcDDI1), coexpression with TcMCA5 produced an additional protein fragment not present when the protease was replaced with the C201A inactive mutant ( Fig. 2A, 0 h ). In cleared lysates supplemented with calcium, a reported enhancer of metacaspase activity, the abundance of this fragment increased in a time dependent manner ( Fig. 2A , 5 h, 16 h). Indeed, N-terminal sequencing of the fragment showed that the cleavage took place after the arginine 377 residue in the QQR-GS sequence (not shown), in agreement with the reported specificity for basic amino acids of these proteases.
Since Ddi1 is a particular shuttle protein that bears, in addition to the UbL and UBA domains, a central retroviral protease-like domain (RVP) we evaluated the expression profile of an equivalent D248A inactive mutant and conclude that none of the fragments is produced as a consequence of autoproteolytic activity (Fig. 2B) . Moreover, to verify that TcDDI1 was indeed being cleaved by TcMCA5, ruling out any downstream activated bacterial protease, we performed in vitro proteolysis assays with purified recombinant proteins. Fragment patterns of TcDDI1-GST were comparable to those obtained by incubation with TcMCA5 in the presence of the general cysteine peptidase inhibitor iodoacetamide (IAM) (Fig. 3, left  panel) . However, when the inhibitor was removed from the reaction mix, the proteolytic processing took place. The position and specificity of the cleavage was confirmed to be at R377, since mutation of this residue into alanine completely abolished metacaspase mediated processing (Fig. 3, right panel) .
Ddi1 is a conserved metacaspase substrate in vitro
To assess if Ddi1 could also be substrate for other metacaspases, the study was extended to include the orthologous substrate/peptidase pairs from T. brucei, another kinetoplastid parasite, and that from the more distant organism S. cerevisiae. Each respective gene was cloned, expressed in E. coli as a GST-fusion and the resulting purified recombinant proteins were used for in vitro cleavage assays.
As shown in Fig. 4 , TbMCA5 processed TbDDI1 close to the C-terminus. According to N-terminal sequencing of the resulting C-terminal fragments, cleavage took place after R292 and R325. Disruption of the first site by R292A mutation increased proteolysis at R325. On the other hand, replacing the 325 arginine residue by alanine in the second site, not only enhanced proteolysis after R292, but also gave rise to an additional cleavage site, offset by one residue toward the N-terminus, at K324 (labeled with an asterisk in Fig. 4A , left panel). Cleavage at this third site resulted more evident in the R292A/R325A (double mutant) and was completely abolished in the R292A/ K324A/R325A (triple mutant) (Fig. 4A, right panel) .
Similarly, yeast metacaspase Yca1p is able to process Ddi1p at more than one position, namely after R367 and R377. The cleavage sites were determined by Edman degradation of the processed fragments and subsequently validated by individual or simultaneous alanine substitutions of the arginine residues (Fig. 4B) . Note that an additional~39 kDa fragment, not detectable in the sample corresponding to the WT substrate, becomes apparent in derivatives when the preferred cleavage sites are mutated.
For the three substrate/peptidase pairs analyzed, TbMCA5 turned out to be the most efficient, reaching a k cat /K M value of 1. 
À1
Ás À1 (Fig. 5) .
Metacaspase exscinds the UBA domain from Ddi1 proteins
Ddi1 displays a characteristic modular architecture (Fig. 6A) . Remarkably, all Ddi1 proteins were cleaved at the RVP-UBA domain boundaries, even when the protein sequence identity along this region is considerably low. Alignment of the Ddi1 sequences in the vicinity of the cleavage sites (Fig. 6B) suggests that besides the well-known strict specificity for basic amino acid residues at the P1 position, metacaspases Fig. 1 . In vitro coexpression system. Schematic representation of the plasmids used to co-express TcMCA5 with its interacting proteins. pBAD24 carrying the PMB1 replicon and the ampicillin resistance gene (AmpR) was designed to direct the expression of C-terminal 3xFLAG-tagged TcMCA5. pBAD-SC-GST carries the CloDF13 replicon, the streptomycin/spectinomycin resistance gene (aadA) and drives the co-expression of individual interacting proteins as N-terminal fusions to glutathione S-transferase (GST). See Table S2 for additional plasmid information.
might prefer polar groups (S, T) or small (G) residues at the first and second positions C-terminal to the site of cleavage (P1 0 and P2 0 respectively). Based on these sequences we designed five FRET substrates with the general form Abz-XXXRXXXK (Dnp) to evaluate if metacaspase cleavage can also take place in the context of a short peptide. When initial rates for the enzymatic hydrolysis were determined using identical stocks of enzymes and substrates, we found that all but one of the tested substrates were cleaved. For each enzyme the highest catalytic efficiency was obtained with Abz-AAKRSTAK(Dnp) as substrate (Table 1) . Noteworthy, this novel peptide is cleaved by the T. cruzi and yeast metacaspases more efficiently than the model substrate Z-VRPR-AMC. Interestingly, the peptide Abz-PTGRSTAK(Dnp), which shares identical P1-P4 0 positions with the most efficient substrate, was resistant to metacaspase cleavage.
Yeast Ddi1p is cleaved by Yca1p in vivo
To assess if Ddi1p could undergo metacaspase mediated proteolytic processing in yeast, the DDI1 gene was endogenously N-terminal HA-tagged in strains with wild-type YCA1 as well as null yca1D and harboring plasmids pBAD-SC-TcDDI1-GST and pBAD24-TcMCA5-3xFLAG (WT) or the corresponding metacaspase active site mutant (C201A). Cells were grown at 37°C up to OD 600 % 0.6, induced with 0.2% arabinose for 3 h, and disrupted in lysis buffer supplemented with 100 lM CaCl 2 and 10 mM DTT to stimulate metacaspase activity. Samples were taken at the indicated time points and subjected to western blotting with anti-GST antibodies (Top panel). Full length and C-terminal proteolysis fragment are marked with arrowheads. TcMCA5 presence in all samples was confirmed using anti-FLAG antibodies (Bottom panel). (B) Immunoblot analysis of recombinant wildtype and active site mutant (D248A) TcDDI1 purified by glutathione-affinity chromatography. For both constructs, overexpression resulted in the production of the full length protein together with additional fragments, which most likely correspond to bacterial degradation products. Fig. 3 . In vitro processing of TcDDI1 by TcMCA5 using purified recombinant proteins. Purified recombinant TcDDI1-GST (25 lg) was incubated with TcMCA5-GST (2.5 lg) in 200 lL of 50 mM HEPES pH 7.2 containing 100 lM CaCl 2 , 10 mM DTT and 10% glycerol in the presence (+) or absence (À) of 20 mM iodoacetamide (IAM). After 1 h at 37°C, 20 lL samples were separated in 12.5% SDS/PAGE, transferred to nitrocellulose membranes and analyzed by western blot using anti-GST monoclonal antibodies. Similar reactions were performed for the R376A cleavage site mutant.
inactive yca1 C276A mutant backgrounds. Western blot analysis showed that in all three transgenic strains Ddi1p is mainly present in both its phosphorylated and unphosphorylated forms [22] but without any differential cleavage product among them (not shown).
Since structural studies have shown that calcium stabilizes metacaspase active site we examined if an increase in the cytosolic levels of this cation caused by ionophores or environmental stimuli (such as the addition of glucose to nutrient-starved cells (G-TECC) [23, 24] ) could eventually lead to Ddi1p processing. The use of calcium ionophores A23187 or ionomycin did not alter Ddi1p pattern in the different metacaspase backgrounds (Fig. 7A) . However, when calcium influx was mediated by addition of glucose (Fig. 7B ) an additional pair of bands could be detected in the sample relative to the YCA1 strain (Fig. 7A) . The molecular weight of these fragments ( $ 43 kDa) as well as the fact that they remained undetectable in the samples derived from the strains lacking an active metacaspase (yca1 C276A ) suggested that they could be the result of Yca1p mediated in vivo cleavage of the HA-Ddi1p fusion protein at R367 and R377. To verify this possibility the HA-DDI1 gene in the YCA1 background was replaced by equivalents that code for the previously identified single and double, arginine to alanine, In vitro cleavage reactions for TbDDI1-GST using TbMCA5 (WT) or the corresponding active site mutant (C202A). Single and double mutants at the cleavage sites identified by Edman degradation (R292A and R325A) were analyzed by western blot using anti-GST antibodies. A triple mutant (R292A, K324A, R3245) including a third potential cleavage site (whose proteolysis fragment is labeled with an asterisk) was evaluated similarly. Relevant protein species are marked with arrowheads and depicted to the left. (B) In vitro cleavage reactions for Ddi1p-GST and individual or combined double mutants (R367A and R377A) using Yca1p (WT) or the corresponding active site mutant (C276A). All reactions were carried out using 25 lg of each tested substrate and 2.5 lg of the corresponding peptidase in 200 lL of 50 mM HEPES pH 7.2 containing 100 lM CaCl 2 , 10 mM DTT, and 10% glycerol. metacaspase cleavage resistant mutants. As shown in Fig. 8 , while in vivo Ddi1p cleavage was prevented at each corresponding site in the single R367A and R377A mutants, it was completely blocked in the double R367A/R377A.
Removal of the C-terminal UBA domain can reduce the stability of Ddi1p
To assess the effects of Yca1p mediated proteolytic processing, we compared the expression profiles of The assays were performed at 37°C in 50 mM HEPES pH 7.2 containing 100 lM CaCl 2 , 10 mM DTT and 10% glycerol. Reactions were stopped at indicated times by mixing with Laemmli sample buffer and subsequently assessed by 12.5% SDS/PAGE, followed by western blot using anti-GST monoclonal antibodies. Bands were detected using an Odyssey laser-scanning system and quantified with Image Studio software. The fluorescent signal of full length Ddi1 proteins and cleaved products were used to determine the processing rates as described in [46] . (D-F) Michaelis-Menten graphical analysis of metacaspases processing rates with Ddi1 proteins. Data were obtained at least in duplicate to determine standard deviations. The error of the K M value represents the standard error on the fit.
endogenously HA-tagged full length Ddi1p to those of derived mutants that mimic the possible products of metacaspase cleavage (HA-Ddi1p and HA-Ddi1p ). Both shorter variants showed a fourfold reduction in their respective steady-state abundances (Fig. 9A) . (Fig. 9B ).
Altogether our results suggest that metacaspase might directly interfere with Ddi1 functions through proteolytic removal of the UBA domain or indirectly by destabilizing the full length protein.
Discussion
In this study, we describe how Ddi1 protein is cleaved by metacaspases in different model organisms: T. cruzi, T. brucei, and S. cerevisiae. For the three metacaspase/Ddi1 protein pairs analyzed, processing sites were located between the RVP and UBA domains. Despite the low sequence identity shared in this region (11%-21% according to pairwise alignments), N-terminal sequencing experiments revealed, in addition to the stringent specificity for basic amino acids at P1 position, a marked preference for polar and/or small amino acids at P1 0 and P2 0 . Other identified type I metacaspase cleavage sites in protein substrates (Table 2 ) also support the specificity for small side chain amino acids after the scissile bond. This feature, shared with caspases and paracaspases [2] , contrasts the preferred acidic residue at P1 0 reported for the type II metacaspase 9 of A. thaliana [18] . Regarding the catalytic efficiency of these enzymes, the values obtained for metacaspases on Ddi1 proteins are comparable to those reported for the human paracaspase MALT1 on its protein substrate CYLD (10 3
À1
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À1 ) [25] .
The use of peptide substrates derived from the cleavage sites in the Ddi1 orthologues hinted at the high selectivity of metacaspases. Whereas the Abz-AAKR-STAK(Dnp) FRET substrate was hydrolyzed with the highest k cat /K M values by all three metacaspases used, Abz-PTGRSTAK(Dnp) remained intact even though both peptides share identical residues spanning P1 to P4 0 . The presence of a Lys residue at P2 in the former might explain these differences since it matches the reported preference of TbMCA2 when acting on small peptide substrates [26] . Furthermore, the fact that the site in Ddi1p corresponding to the noncleavable FRET corresponding peptide substrate strongly supports this hypothesis. These results indicate that metacaspases are extremely selective enzymes possibly requiring extended interactions with the substrate beyond those established within the active site. In this context, the high affinity of TcMCA5 for the TcDdi1 protein substrate (K M in the nanomolar range) as well as the low turnover of the enzyme might explain the occurrence of a protein substrate among a set of interactors. Nevertheless, the ability of pull-down assays in identifying protease substrates is limited by the intrinsic transient nature of their interaction and is restricted to a few examples [27, 28] .
Removal of the C-terminal UBA domain by metacaspase can significantly alter the properties of Ddi1 proteins. This domain is a small motif (% 45 residues long) shown to interact with ubiquitin [29, 30] that is frequently found in proteins associated with the ubiquitin-proteasome system [31, 32] . The expression of Ddi1p protein variants that simulate the loss of the Cterminal UBA domain by Yca1p cleavage at R367 or R377, showed a significant reduction in their steady state abundances as well as stabilities when compared to those of the wild-type full length protein. These results are in agreement with the protein stabilization function assigned to UBA domains [33] [34] [35] . Full length Ddi1p contains a 62 residue long disordered region between the RVP and UBA domains [36] . Such an internal unstructured loop is too short to act as a proteasomal initiation region, however, cleavage by Yca1p not only removes the UBA domain but yields a 42 to 52 residue long disordered C-terminus that might be engaged by the proteasome much more efficiently [35] . In addition this internal loop contains a predicted PEST sequence [22] that might further direct Ddi1p to degradation after cleavage. To date all UBA related stability studies have been performed with synthetic and chimeric constructs, thus the proteolytic removal of UBA domains could be considered a novel in vivo mechanism as a means to affect turnover of certain proteins.
Although stability loss might determine the ultimate fate of Ddi1p, cleavage by Yca1p can have other more immediate effects. Some Ddi1p functions, such as Ho endonuclease turnover [37] as well as its participation in S-phase checkpoint control [38] require the C-terminal UBA domain. Interestingly, Rad23p, which has partially redundant roles with Ddi1p in cell cycle control [39] , was identified as a potential Yca1p modulated protein, although no processing evidence was detected [10] . On the other hand, metacaspase could affect the role of Ddi1p as a secretory repressor since cleavage disrupts the linker region between the RVP and UBA domains (residues 344 to 395), shown to be required for interaction with the exocytic t-SNARE Sso1p [22] .
In yeast, Yca1p-mediated Ddi1p cleavage appears to be a tightly regulated event. No processing could be observed during log phase growth or after H 2 O 2 treatment, heat shock or extended stationary phase growth (not shown) despite that these stimuli have been associated to metacaspase activation as evidenced by its autoproteolytic cleavage [14, 40] . In this work, we have found that in vivo Ddi1p processing by Yca1p can be detected after a transient elevation of cytosolic calcium in response to glucose re-addition to carbohydrate starved yeast cells (G-TECC) .
In G-TECC two main methodological steps can be distinguished [24] . First, a glucose starvation phase that conduces to a complex reprogramming of yeast metabolism. Among the physiological changes manifested by nutrient deprived cells, the induction of the general stress response and autophagic pathways [41] are events that, noteworthy, also take place in nullyca1 yeast strains [42] . Moreover, in Leishmania major, metacaspase has been linked directly to autophagy as a response to serum deprivation and proposed to act on or upstream of ATG8 [43] .
The second methodological step in G-TECC corresponds to the addition of glucose to the cell suspension triggering the influx of extracellular calcium [24] . Successful Ddi1p cleavage by Yca1p relies on supplemented Ca 2+ ions, however, no processing could be detected when ionophores were used instead of glucose ( Fig. 7A) . These results suggest that other stimuli rather than the sole increase in cytosolic Ca 2+ are required for Yca1p mediated processing of Ddi1p and it is likely that these involve, at least to some extent, glucose signaling pathways. In this sense, considering metacaspase downstream effects, it is remarkable how the increasing evidences hint at a possible association with carbohydrate metabolism. Different proteins, including various enzymes that are involved in glycolytic pathways, have their abundances altered as a consequence of YCA1 deletion [42, 44, 45] . Moreover, even in divergent organisms, potential as well as confirmed metacaspase substrates correspond to enzymes that participate in carbohydrate metabolism [16, [18] [19] [20] . In perspective, these results highlight the possibility that different signaling pathways might lead to cleavage of alternative sets of substrates.
Recently, by means of a proteomics approach, the Ddi1 orthologue of the divergent yeast Candida albicans was identified as a potential metacaspase substrate [20] . This variant lacks the C-terminal UBA domain and the disordered region which is a property shared with mammalian isoforms [21] . Remarkably, the putative cleavage site lies at the a-helical domain that links the UbL and RVP domains [36] . This suggests that even though the substrate is conserved the proteolytic event followed divergent evolutionary pathways.
Materials and methods
Expression of recombinant proteins in bacteria
The list of plasmids used for heterologous expression of metacaspases and Ddi1 proteins can be found in Table S2 . Escherichia coli BL21 Codon Plus (DE3) bacteria transformed with the different constructs were cultured in LuriaBertani (LB) medium at 37°C with vigorous shaking (250 r.p.m.) to an OD 600 of 0.6, and then induced for 3 h at 37°C with 0.2% w/v arabinose (Sigma-Aldrich, St. Louis, MO, USA). Soluble expression of wild-type Yca1p-GST and TbMCA5-GST as well as inactive mutant derivatives was achieved at 18°C for 16 h.
For coexpression assays bacteria transformed with pBAD-TcMCA5-3xFLAG or pBAD-TcMCA5(C201A)-3xFLAG were used for the preparation of CaCl 2 competent cells and subsequently transformed with pBAD-SCTcDDI1-GST. Cells were harvested by centrifugation and resuspended in lysis buffer (50 mM TrisHCl, 150 mM NaCl, 0.2 mgÁmL À1 lysozyme, 0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF) pH 7.6) and sonicated. Samples were centrifuged for 30 min at 23 000 9 g to obtain the bacterial crude extracts. Soluble fractions were analyzed by western blot.
To study TcMCA5/TcDDI1 interaction, clarified extracts supplemented or not with 10 mM DTT (Promega, Fitchburg, WI, USA) and 100 lM CaCl 2 were incubated with glutathione-agarose resin (GE Healthcare, Chicago, IL, USA) equilibrated in TBS (50 mM TrisHCl pH 7.6, 150 mM NaCl) for 30 min at 4°C. Resin was washed ten times with TBS. The bound proteins were eluted with 50 mM TrisHCl pH 8.8 containing 20 mM reduced glutathione. Samples were analyzed by western blot.
For recombinant protein purification bacteria were harvested by centrifugation, resuspended in lysis buffer, and sonicated when necessary. Samples were centrifuged at 23 000 9 g for 30 min at 4°C to obtain the bacterial crude extract. DTT was added to a final concentration of 1 mM. The recombinant proteins were purified using a glutathione-agarose resin (GE Healthcare) equilibrated with TBS buffer. The columns were washed with 20 column volumes of TBS and the samples were eluted with 50 mM TrisHCl pH 8.8 containing 20 mM reduced glutathione.
In vitro metacaspase-mediated Ddi1 cleavage assay
Purified Ddi1 recombinant proteins (25 lg) were mixed with purified recombinant metacaspases or their corresponding active site mutants (2.5 lg) in 200 lL of 50 mM HEPES pH 7.2 containing 100 lM CaCl 2 , 10 mM DTT, and 10% glycerol. The protein mixtures were incubated at 37°C for 16 h and reactions were stopped by the addition of Laemmli sample buffer and 5 min of boiling. Fifteen microliters of each sample were analyzed by western blot.
Kinetic rate constants were studied as described in [46] . Briefly, metacaspases were incubated with various concentrations of Ddi1 proteins and cleavage was subsequently assessed by 12.5% SDS/PAGE, followed by western blot. Blots were scanned on an Odyssey infrared scanner (LI-COR Biosciences, Lincoln, NE, USA) and the fluorescent signal of full-length Ddi1 proteins and the cleaved products were used to determine the processing rates. The obtained values were fitted to a hyperbolic 2-parameter, single rectangular Michaelis-Menten function (m = V max [S]/K M + [S]) using GraphPad Prism software (GraphPad Software Inc, La Jolla, CA, USA). Metacaspase concentration was determined by titration with the irreversible inhibitor z-VRPR-FMK as described below.
Metacaspase enzymatic assay using FRET peptides
Cleavage site sequences identified in Ddi1 orthologues were synthesized by GenScript (Piscataway, NJ, USA) as highly sensitive FRET substrates, bearing an ortho-aminobenzoyl (Abz) fluorescent group and an N-(2,4-dinitrophenyl)-ethylenediamine (Dnp) quenching group, as the donor/acceptor pair. FRET substrates were dissolved in DMSO In the case of Abz-PTGRSTAK(Dnp), which resulted resistant to metacaspase hydrolysis, substrate functionality was positively confirmed by cruzipain hydrolysis under described conditions [47] . Catalytic efficiency (k cat /K M ) for the hydrolysis of FRET peptides by metacaspases were evaluated at low substrate concentrations. Metacaspase activity was assayed at 30°C for decreasing substrate concentrations (ranging from 10 to 0625 lM) in the same buffers described above (supplemented with 0.01% Triton X-100). Assay was performed in a solid black 384-well plate (final reaction volume~50 lL) and fluorescence was monitored continuously with a FilterMax F5 Multi-Mode Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) using standard 320 nm excitation and 430 nm emission filter set. Active site concentration of T. cruzi, T. brucei and yeast metacaspases was determined by titration using the irreversible inhibitor Z-VRPR-FMK (GenScript) as described in [48] . For k cat /K M estimation, only data in the linear portion of the Michaelis-Menten plot (firstorder conditions: [S 0 ] << K M ) were considered.
Electrophoresis and immunoblotting
Proteins were separated by SDS/PAGE (10 or 12.5% acrylamide) and transferred to a nitrocellulose Hybond ECL membrane (GE Healthcare) for probing with anti-FLAG M2 mouse monoclonal antibody (Sigma-Aldrich) diluted 1 : 2500 or anti-GST (clone 2H3D10) mouse monoclonal antibody diluted 1 : 2000 (Sigma-Aldrich). Anti-HA High Affinity (clone 3F10) was purchased from Roche (Basel, Switzerland). Monoclonal anti a-tubulin 1 : 5000 clone B-5-1-2 (Sigma-Aldrich) was used as loading control. Horseradish peroxidase-conjugated goat anti-mouse secondary antibody (Sigma-Aldrich) diluted 1 : 5000 was detected by chemiluminescence using SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA). Alternatively, blots were probed with Alexa FluorÒ 790 AffiniPure Goat Anti-Rat IgG (H + L) or Alexa FluorÒ 680 AffiniPure Goat Anti-Mouse IgG (H + L) secondary antibodies (Jackson Immunoresearch Laboratories, West Grove, PA, USA), signal intensities were detected using an Odyssey laser-scanning system and quantified with Image Studio software (LI-COR Biosciences). Prestained Protein Molecular Weight markers used were from Pierce.
N-terminal sequencing
For N-terminal sequencing, proteins separated by SDS/ PAGE were transferred to a PVDF membrane (Merck Millipore, Burlington, MA, USA). Ddi1 digested fragments were excised from the membrane and sent to The Protein Facility of the Iowa State University for Edman N-terminal sequencing.
Yeast strains and plasmids
Saccharomyces cerevisiae wild-type background strain BY4742 (MATa; his3D1; leu2D0; lys2D0; ura3D0) and YCA1 disruption strain Y12453 (BY4742; YOR197w::kanMX4) were obtained from the European Saccharomyces cerevisiae archive for functional analysis (EUROSCARF, Oberursel, Germany). For the list of strains that express yca1 C276A inactive mutant and different N-terminal HA tagged variants of Ddi1p as well as the plasmids used in their generation see Table S3 . For the expression of GCaMP6f, yeasts were transformed with PvuII linearized pRS306K-GPD1p-ADH1t-aGCaMP6f [49] (kindly provided by Dr. Pablo S. Aguilar, Instituto de Investigaciones Biotecnol ogicas, Universidad de San Martin, San Martin, Argentina). 
Yeast culture and media
Yeast extracts for western blots
The mild alkali treatment protocol was employed [50] . Briefly cells were harvested by centrifugation at 5000 9 g for 30 min at 4°C and resuspended with water to a density of OD 600 25 per mL, further diluted with the addition of one volume of 200 mM NaOH and incubated for 10 min on ice. Afterwards cells were centrifuged, resuspended in water to a density of OD 600 100 per mL, diluted by addition of a volume of 2 9 concentrate Laemmli sample buffer and boiled for 5 min. An equivalent of OD 600 1 was loaded per lane and resolved by SDS/PAGE electrophoresis.
Glucose mediated transient elevation of cytosolic calcium
Glucose starvation and glucose readdition were carried out essentially as described in [24] . Briefly, exponentially growing cells in SCD medium containing 2% glucose were harvested, washed and resuspended in SCD medium containing 0.02% glucose to a final density of 1x10 6 cells per mL. After incubation for 24 h at 28°C, starved cultures were harvested by centrifugation, washed once with 0.1 M 2-(N-morpholino)ethanesulfonic acid adjusted with 1 M Tris (pH 10.8) to pH 6.5 (MES/Tris buffer). Cells were resuspended in the same buffer, incubated for 2 h at 28°C, and then CaCl 2 was supplemented to 10 mM final concentration. Transient elevation of cytosolic calcium was triggered by the addition of glucose to 25 mM final concentration. For western blot analysis cells were lysed and an equivalent of OD 600 1 was loaded per lane. Alternatively, starved cells were allowed to bind to poly-L-lysine coated coverslips in CaCl 2 supplemented MES/Tris buffer and GCaMP6f fluorescence was monitored with an Eclipse 80i microscope (Nikon, Shinagawa, Japan) after triggering calcium influx by the addition of 25 mM glucose.
Cycloheximide chase analysis
Degradation kinetics of Ddi1p were studied as described in [51] . Briefly, overnight grown yeast cultures were diluted to an OD 600 value of 0.2 in fresh YPDA medium, and incubated at 30°C with vigorous shaking (250 r.p.m.) until the cells reached midlogarithmic growth phase (an OD 600 between 0.8 and 1.2). To terminate protein synthesis, cycloheximide was added to 500 lgÁmL À1 final concentration.
Cells were collected at specific time points, lysed and separated by SDS/PAGE followed by western blot analysis. Bands were quantified with Image Studio software and values were fitted to a first-order decay model [52] .
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